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MODULATION OF MESENCHYMAL AND 
METASTATIC CELL GROWTH 

The present invention Was supported in Whole or in part by 
NIH grant numbers P20 RR15555 and R01 DE015329. The 
government may have certain rights in the invention. 

BACKGROUND 

Modulation of cell growth is critical to the development 
and health of organisms. Aberrant groWth of cells, i.e., the 
increase or decrease of cell groWth rates, may lead to numer 
ous disease states including metastatic cancers (leading 
examples of Which are breast cancer, prostate cancer, lung 
cancer and metastatic melanoma) and developmental defects 
characterized by either increased or decreased mesenchymal 
cell groWth (e.g., craniosynostosis, cleft lip, cleft palate, 
Wound healing, Wasting diseases and muscular dystrophies). 

Breast cancer and prostate cancers are among the most 
common human cancers in the United States affecting up to 1 
in 8 Women and 1 in 6 men, respectively. Tumor metastasis is 
the major cause of death from these cancers and, While there 
have been improvements in diagnosis and treatment, it is still 
unclear What the molecular changes are that are likely to lead 
to metastasis and tissue invasion. The understanding of such 
mechanisms Would aid in ?nding compositions and methods 
for the partial or complete inhibition of metastasis and tumor 
invasion. 

Craniosynostosis is a fairly common disorder occurring in 
about 1 in 2500 individuals Wherein there is a premature 
fusion of the sutures of the cranium. Children that have this 
condition often suffer from restricted skull groWth resulting 
in increased pressure on the brain, vision problems and 
behavioral problems. Surgical intervention is risky and 
expensive requiring a team of highly trained specialists. As 
With uncontrolled metastatic groWth, the understanding of the 
underlying causes of under or unregulated non-metastatic cell 
groWth Will be instrumental in ?nding compositions and tech 
niques for the treatment of resulting medical conditions. 
As both metastatic cancers and developmental disease 

states involve the misregulation of cell groWth it is possible 
that both types of conditions may be the result of similar 
underlying molecular causes. If this is the case then similar 
therapeutic approaches may be effective for both metastatic 
cancers and developmental disease states. Therefore, What is 
needed is the identi?cation of the underlying causes of 
metastasis and developmental misregulation as Well as the 
development of methods for the modulation of metastatic and 
mesenchymal cell groWth and the screening of agents effec 
tive in the modulation of metastatic and mesenchymal cell 
groWth. 

SUMMARY OF THE INVENTION 

The present invention relates to compositions and methods 
for the modulation of metastatic and mesenchymal cell 
groWth and mobility via the regulation of the formation of 
TWist/TWist homodimers and TWist/E heterodimers or their 
upstream or doWn stream effector molecules. The present 
invention also relates to methods for screening agents and 
compound libraries for molecules that function to modulate 
the formation of TWist/TWist homodimers, TWist/E protein 
heterodimers or their upstream or doWnstream effector mol 
ecules. 

The present invention is related to the novel discovery that 
TWist (a basic-Helix-Loop-Helix (bHLH) transcription fac 
tor) plays both positive and negative roles in the regulation of 
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2 
early morphogenesis and differentiation of mesenchymal tis 
sues by forming functional TWist/TWist homodimers. Small 
changes in TWist expression have profound phenotypic 
effects as exempli?ed by TWIST haploinsuf?ciency resulting 
in craniofacial and limb abnormalities. The present invention 
also demonstrates that the modulation of TWist/TWist 
homodimer formation is instrumental in the regulation of 
tumor cell groWth and the control of tumor metastasis. Thus, 
the present invention provides compositions and methods for 
the modulation and control of cell groWth and mobility via the 
regulation of functional TWist/TWist (T/T) homodimers and 
TWist/ E protein (T/ E) heterodimers. 
The present invention relates to the novel discovery by the 

inventor that TWist is nearly unique in that it is a transcription 
factor found to form functional homodimers and that it is 
instrumental it that it regulates cell groWth via the modulation 
of numerous doWnstream molecules. Although the present 
invention is not limited to any particular theory or mecha 
nism, it is believed that the ability of TWist to form TWist/ 
TWist homodimers is regulated via a competitive mechanism 
Wherein the amount of free TWist is controlled by the seques 
tering of TWist by E protein. Furthermore, the amount of E 
protein available to bind TWist is controlled by the binding of 
E protein by Id, a non-basic HLH protein (HLH). In other 
Words, TWist and Id compete for E protein binding. The more 
free E protein available (and/ or the less Id protein available), 
the more likely it is that TWist Will form T/ E heterodimers and 
the less likely it is that TWist Will form T/T homodimers. In 
one aspect of the invention, the control of cell groWth and 
mobility (or, in the case of cancerous cells, uncontrolled 
groWth and metastasis) is regulated by the ratio of T/T 
homodimers to T/ E heterodimers, Wherein the higher the ratio 
of T/ T to T/E dimers leads to cell groWth and/or cell mobility. 
In another aspect of the present invention, metastatic cells and 
mesenchymal cells are regulated by the doWnstream effector 
molecules of T/T and T/E dimers. 

In another embodiment of the present invention, it is con 
templated that TWist expression and E protein expression are 
controlled With small inhibitory RNA (siRNA) molecules. 
Such molecules bind to translated mRNA and block tran 
scription and, thus, can be used, for example, as therapeutic 
agents. Also, the inhibition of TWist and E protein expression 
and function can be modulated by agents that inhibit or 
enhance the function of upstream or doWnstream effector 
molecules. (As used herein, an “effector molecule” is a mol 
ecule, chemical, or structure that regulates a pathWay by 
increasing or decreasing the pathWay’s reaction rate). Such 
molecules can be identi?ed by methods of the present inven 
tion Wherein, for example, combinatorial chemical libraries 
are screened for molecules With abilities to bind TWist, E 
protein or Id and thereby inhibit or enhance their binding 
function and, thus, their doWnstream effect. Also, such mol 
ecules may exert their ability to modulate T/T homodimer 
formation by interacting With upstream or doWnstream effec 
tor molecules of TWist, E protein or Id function. 

DESCRIPTION OF FIGURES 

FIG. 1 shoWs Id levels alter the ratio of T/T and T/E dimers. 
(a) 293 cells Were transfected With TWist (T), E12 (E), and Id1 
(I)-expressing plasmids as indicated. Id1 levels Were 0.25, 
0.5, 1 and 2-fold the level of TWist and E12 in lanes 5-8, 
respectively. For the tWo right gels samples Were prepared 
Without [3-mercaptoethanol and Were not heated prior to load 
ing but Were the same as the reducing gel on the left in all 
other respects. The TWist and the Id1 proteins contained myc 
epitope tags and Were detected With 9E10 anti-myc mono 
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clonal antibodies in the left and right blots. E12 proteins Were 
detected With anti-E2a polyclonal antibody in the center and 
right blots. The siZes for the T, E, and I monomers and the T/ T, 
T/E and E/E dimers are indicated on the sides. (b) Diagram 
depicting the structure of the “forced dimers.” TWo TWist 
monomers or TWist and E12 monomers are linked in frame by 
a 29 amino acid linker. (c) In vitro translated proteins Were 
utilized in an electrophoretic mobility shift assay (EMSA) 
using the bHLH binding site (E Box) from the MCK gene as 
a probe. 0.5, 1 and 2 fold amounts of Id1 protein Were added 
to reactions With either the TE heterodimer (TE) or With 
separate TWist (T) and E12 (E) proteins Where indicated. 
Lysate control (L). (d) EMSA analysis as in (c) Where 0.5, 1 
and 2 fold amounts of E12 protein Were added to reactions 
With either the homodimer (TT) or With the TWist (T) protein 
Where indicated. 

FIG. 2 shoWs TWist dimers differentially regulate gene 
expression (a-e) 10T1/2 cells Were engineered to stably 
express TWist (T), the TT homodimer (TT) or the TE het 
erodimer (TE) by infection With pWZL retroviral constructs. 
Control 10T1/2 cells Were infected With insertless pWZL 
virus (WZL). (a) TT enhanced periostin expression While TE 
cells inhibited it. The 10T1/2 cell lines Were groWn in 10% 
FBS Without or With 100 ng/ml BMP7 for 4 days and then 
assayed for periostin and [3-actin expression by Western blot 
analysis. (b) Id1 is upregulated by BMP signaling. 10T1/2 
cells Were groWn in 10% FBS Without or With 100 ng/ml 
BMP7 for 4 days and then assayed for Id1, Id3, and GAPDH 
expression by RT-PCR. (c) TE induced Thrombospondin 1 
(TSP-1) expression. 10T1/2 cell lines Were groWn in 10% 
FBS for 48 hours and then assayed for TSP-1 expression by 
immuno?uorescence. (d) 10T1/2 cell lines Were groWn in 
0.2% FBS for 48 hours and then the conditioned media Was 
assayed for TSP-1 expression by Western blot analysis fol 
loWing concentration on a heparin-sepharose column and 
elution With 1.5 M NaCl. (e) TT and TE dimers differentially 
regulate FGFR2 expression. 10T1/2 cell lines Were groWn 
Without or With 100 ng/ml BMP7 for 4 days and Were ana 
lyZed for FGFRI, FGFR2 and GAPDH expression by RT 
PCR. 

FIG. 3 shoWs Periostin and TSP-1 are expressed in the 
predicted T/T and T/ E domains in the cranial sutures and are 
altered by changes in TWist expression. (a) Sections through 
the coronal and sagittal sutures of the skulls of P1 Wild type 
and TWist +/— mice Were analyZed for the indicated gene 
expression by in situ hybridiZation. Calvaria bones are out 
lined by dotted red lines. Note that in Wild type sutures peri 
ostin expression does not extend to the end of the cranial 
bones but does in TWist +/— sutures. Expression of FGFR2 is 
increased and TSP-1 is decreased in the mid-suture of TWist 
+/— mice. (b) Skulls from Wildtype P1 mice Were analyZed for 
periostin and TSP-1 expression by Whole mount in situ 
hybridiZation. Note the decreased expression of TSP-1 in the 
coronal suture. C-coronal, F-frontal, S-sagittal. (c) TWist and 
Id protein expression in the sagittal and coronal sutures. Par 
a?in sections of sagittal and coronal sutures of Wild type P1 
mice Were analyZed by immunohistochemistry for TWist and 
Id protein expression. Note that the Id antibody recogniZes all 
Idproteins (Id1-4). (d) Wildtype and TWist +/— P1 skulls Were 
analyZed for TSP-1 expression in the sagittal suture. Note the 
decrease in staining in the TWist +/— skull. (e) Increased TWist 
expression in the osteogenic fronts induces TSP-1 expres 
sion. P1 skulls of CAGCAT [SEQ ID NO.: 14]-TWist and 
CAGCAT [SEQ ID NO.:14]-TWist/Wnt1-Cre mice Were ana 
lyZed for TSP-1 expression. 

FIG. 4 shoWs E12 is required for TWist to inhibit osteoblast 
differentiation. Primary calvaria cells Were infected With 
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4 
adenovirus expressing myc-TWist (T) and or myc-E12 (E) as 
indicated above gels. GFP-expressing adenovirus Was used as 
a control Where no virus is indicated. Cells Were placed in 
differentiation medium for the indicated times before being 
harvested for (a) Western analysis for myc-TWist (T) and 
myc-E12 (E) or (b) RT-PCR analysis for Runx2, otl(I) col 
lagen (Col 1a1), bone sialoprotein (BSP), osteocalcin (OC), 
endogenous TWist, and GAPDH transcripts. 

FIG. 5 shoWs promotion of T/E dimer formation prevents 
suture fusion in TWist +/— mice. Skulls of Wild type (a) and 
TWist +/— (b) P1 mice. (c-f) Skull explants from P1 Wild type 
(c) and TWist +/— (d-f) mice groWn in culture for 5 Weeks. 
Skulls Were processed With aliZarin red and then paraf?n 
sectioned. Sections Were then treated With von Kossa stain to 

indicate calci?ed bone (black staining). Sections through the 
left (L) and right (R) coronal sutures are shoWn beloW skulls. 
The right coronal suture of (e) and (f) Was injected With 
adenovirus expressing either GFP (e) or E12 (f) at the time of 
explant. Note the fusion of the sutures in the TWist +/— skulls 
and the lack of fusion in the right coronal suture injected With 
Ad-E12 (f). 

FIG. 6 shoWs a model of the regulation of cranial suture 
patency by TWist. (a) T/E heterodimers induce TSP-1 expres 
sion in the mid-suture mesenchyme, Which then activates 
latent TGFB and inhibits differentiation. BMP and TGFB 
activity may coordinately restrict Id expression to the osteo 
genic fronts. Id expression promotes T/ T homodimer forma 
tion, Which enhances FGFR2 expression, further driving the 
formation of the osteogenic fronts. Changes in FGF, BMP or 
TGFB levels Would then alter the balance betWeen T/E and 
T/T to either enhance or inhibit suture closure. (b) Proposed 
mechanism promoting craniosynostosis due to TWist haplo 
insuf?ciency. Graph of the relative levels of Id and TWist 
across the suture shoWn in (a). In the osteogenic fronts Where 
Id levels are higher than TWist T/T dimers form While T/E 
dimers form in the mid-suture. When TWist levels are loWered 
due to haploinsuf?ciency the area Where Id is higher than 
TWist expands toWards the mid-suture. 

FIG. 7 shoWs TWist dimers differentially regulate gene 
expression (a) TT enhanced periostin expression While TE 
cells inhibited it. C3H10T1/2 cells Were infected With a con 

trol retrovirus (WZL) or With one expressing TWIST (TW), 
TT (TT), or TE (TE) and Were groWn in 10% FBS Without or 
With 100 ng/ml BMP7 for 4 days and then assayed for peri 
ostin and |:Iactin expression by Western blot analysis. (c) Id1 
is upregulated by BMP signaling. 10T1/2 cells Were groWn in 
10% FBS Without or With 100 ng/ml BMP7 for 4 days and 
then assayed for Id1, Id3, and GAPDH expression by RT 
PCR. (d) TE induced Thrombospondin 1 (TSP-1) expression. 
10T1/2 cell lines Were groWn in 10% FBS for 48 hours and 
then assayed for TSP-1 expression by immuno?uorescence. 
(e) 10T1/2 cell lines Were groWn in 0.2% FBS for 48 hours 
and then the conditioned media Was assayed for TSP-1 
expression by Western blot analysis folloWing concentration 
on a heparin-sepharose column and elution With 1 .5 M NaCl. 

FIG. 8 shoWs Id levels alter the ratio of T/T and T/E dimers. 
293 cells Were transfected With TWist (T), E12 (E), and Id1 
(I)-expressing plasmids as indicated. Id1 levels Were 0.25, 
0.5, 1, and 2-fold the level of TWist and E12 in lanes 5-8, 
respectively. For the tWo right gels samples Were prepared 
Without [3-mercaptoethanol and Were not heated prior to load 
ing but Were the same as the reducing gel on the left in all 
other respects. The TWist and the Id1 proteins contained myc 
epitope tags and Were detected With 9E10 anti-myc mono 
clonal antibodies in the left and right blots. E12 proteins Were 
detected With anti-E2a polyclonal antibody in the center and 
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right blots. The sizes for the T, E, and I monomers and the T/ T, 
T/E and E/E dimers are indicated on the sides. 

FIG. 9 shoWs 2000 C3H10T1/2 cells infected With a con 
trol retrovirus (WZL) or With one expressing TWIST (TW), 
TT (TT), or TE (TE) Were plated in soft agar and alloWed to 
groW for 2 Weeks in the presence of 10% FBS and 10 ng/ml 
FGFl. Cells Were stained With 0.005% crystal violet and 
colonies Were counted. 

FIG. 10 shoWs PyVT tumor cells infected With the same 
viruses as in FIG. 1 Were groWn to con?uence. A scratch Was 
made across the plates and cell migration into the cleared area 
Was monitored. Pictures Were taken 48 hours post-scratch. 
Note promotion of migration by TT and inhibition by TE. 

FIG. 11 shoWs subcon?uent PyVT tumor cells infected 
With the same viruses as in FIG. 1 Were plated in 10% FBS 
and cells from triplicate plates Were counted daily for 6 days. 
Cells became con?uent by day 5. TE expression inhibited 
proliferation before con?uence but had little effect after con 
?uence. 

FIG. 12 shoWs the PyVT tumor cells in FIG. 2 Were 
injected subcutaneously into nude mice (5 mice/line) and 
tumors Were alloWed to groW for 2 Weeks. Tumors Were 
sectioned in paraf?n and stained for PECAM as a measure of 
vascularity (a-c) or With a trichrome stain. Note the compact 
ness and the comparative lack of PECAM staining (broWn 
stain) of the TE tumor (c), and invasiveness of the TT tumor 
into muscle tissue, Which Was not seen in any of the tumors 
derived from the other cell lines (d). 

FIG. 13 shoWs TWist and Id1 are only expressed in the Met 
cell line. RNA Was isolated from Db and Met cells and ana 
lyZed for TWist. Id1 and GAPDH by RT-PCR. Therefore, 
TWist and Id1 expression correlate With the metastatic phe 
notype of the cell lines. 

FIG. 14 shoWs craniosynostosis in progeny of the TWist1 
+/— x Idl —/—; Id3 +/— cross at 5 Weeks. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to methods for the modula 
tion (i.e., the partial or total inhibition or promotion) of cell 
groWth. In one aspect, the present invention relates to the 
modulation of metastatic cancer groWth. Non-limiting 
examples are breast cancer, prostate cancer, lung cancer and 
metastatic melanoma. Such modulation of metastatic cell 
groWth may be for investigational or therapeutic purposes. In 
another aspect, the present invention relates to the modulation 
of cell groWth of cells of mesenchymal origin. Examples are 
the promotion or inhibition of, for example, bone groWth such 
as for the investigation and treatment of diseases such as, but 
not limited to, craniosynostosis, cleft lip, cleft palate, Wound 
healing, Wasting diseases and muscular dystrophies. The 
mesenchymal or metastatic cells preferably are found in an 
organism. The organism is preferably a mammal and more 
preferably a human. Said cells of mesenchymal origin may 
be, but need not be, metastatic. Metastatic cells need not be of 
mesenchymal origin. The cell groWth of the present invention 
(either metastatic or mesenchymal cell groWth) is modulated, 
promoted or inhibited via the regulation of the formation of 
homodimers made of TWist proteins (T/T dimers) as Well as 
the formation of heterodimers made of TWist protein and E 
protein (T/E dimers). Therefore, the present invention con 
templates that TWist/TWist and TWist/E protein dimer forma 
tion and modulation is a target for therapeutic intervention. In 
one aspect, the present invention modulates the ratio of TWist/ 
TWist homodimers to TWist/E heterodimers, Wherein the up 
regulation of TWist/TWist homodimer formation and/or the 
doWn regulation of TWist/E heterodimer formation is associ 
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6 
ated With an increase in metastatic or mesenchymal cell 
groWth (e. g., the promotion of bone groWth or of metastatic 
cancers) and the up regulation of TWist/ E heterodimer forma 
tion and/or the doWn regulation of TWist/TWist homodimer 
formation is associated With the decrease of metastatic or 
mesenchymal cell groWth (e. g., the inhibition of bone groWth 
or of metastatic cancers). The present invention also relates to 
modulation of cell groWth by contacting the cells in Which the 
modulation of cell groWth is desired With small molecule 
agents or compositions knoWn or suspected of modulating the 
interaction of TWist With E proteins or other TWist proteins: 
that is, suspected of regulating the formation of TWist/TWist 
homodimers and/or TWist/E heterodimers or suspected of 
regulating the function of T/T and/or T/ E dimers. The present 
invention is not limited by the mechanism by Which said small 
molecule agents or compositions modulate the formation of 
TWist/TWist homodimers or TWist/E heterodimers. Such 
mechanisms may include, but are not limited to, interacting 
directly With TWist proteins or E proteins, interacting With up 
stream regulators of the TWist or E proteins or interacting With 
doWn stream effector molecules activated via (directly or 
indirectly) the formation of said TWist/TWist homodimers 
and/or TWist/ E heterodimers. 

Additionally, the present invention relates to the screening 
of small molecule (e. g., combinatorial chemical) libraries for 
the detection of agents effective in the regulation of T/T 
and/or T/E dimer formation and/ or the modulation of doWn 
stream and upstream effectors of T/T and/ or T/ E function as 
compared to, for example, T/T and/or T/E formation in 
experiment or historic controls. Other examples of agents 
effective in the modulation of T/T and/ or T/ E formation and 
function are small inhibitory RNA (siRNA) molecules and 
TWist and/or E proteins modi?ed by, for example, protein 
engineering or directed molecular evolution. As detailed 
below, all of these procedures are well know to those skilled 
in the art. 
TWist Involvement in Metastatic Cell GroWth 

In one aspect, the present invention contemplates a method 
for inhibiting metastatic cell groWth in an organism, the 
method comprising contacting the cells With an agent char 
acteriZed by the ability to decrease the ratio of TWist/TWist 
homodimers to TWist/E heterodimers in the organism. The 
decrease of the ratio of TWist/TWist homodimers to TWist/E 
heterodimers can be used in therapies for the treatment of 
metastatic cancer including, e.g., breast, prostate and lung 
cancers and metastatic melanoma, etc. The organism that has 
metastatic cell groWth is, in a preferred embodiment, a mam 
mal. In a more preferred embodiment, the organism is a 
human. The agent used to contact the metastatic cells can be 
any agent that is effective in decreasing the ratio of TWist/ 
TWist homodimers to TWist/E heterodimers. Such agents can 
be administered to the organism by techniques knoWn in the 
art including, but not limited to, injection (e. g., subcutaneous, 
intramuscular, vascular, etc.) Wherein they type of injection is 
determined by the type of metastatic groWth to be treated. 
Such agents can also be administered by infusion into, for 
example, the blood stream or the target organ or other target 
location. In other embodiments, the agents are administered 
orally. The agent may comprise other reagents to aid in the 
administration, manufacture, storage and transport of the 
agent including, but not limited to, binders, stabiliZers, colors, 
?avors, buffers, excipients, etc. The organism that is the 
recipient of the agent can then be monitored for the decrease 
in the ratio of TWist/TWist to TWist/E dimers. Samples for 
monitoring may be acquired by blood draWs, biopsies, etc. 
The detection of the decrease in the ratio of TWist/TWist to 
TWist/ E dimers can be detected by, for example, SDS-PAGE 
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gel electrophoresis, Western blotting, or other immunohis 
tochemical techniques (e.g., ELISA, RIA or FACS assays) or 
other suitable assays knoWn in the art. 

In one embodiment, the agent is a small molecule charac 
teriZed by the ability to decrease the ratio of TWist/TWist 
homodimers to TWist/E heterodimers by promoting TWist/E 
heterodimeriZation or by inhibiting TWist/TWist homodimer 
iZation. The agent(s) to be administered to the organism can 
be selected from, for example, small molecule libraries (e.g., 
combinatorial chemical libraries). Such libraries are knoWn 
in the art and are commercially available. 

Techniques are knoWn to those skilled in the art for the 
selection of agents from such libraries. In the present embodi 
ment, the agent is being screened for its ability to decrease the 
ratio of TWist/TWist homodimers to TWist/ E heterodimers 
either by promoting TWist/E heterodimeriZation or by inhib 
iting TWist/TWist homodimeriZation. The present invention is 
not limited by the nature of the screening method. For 
example, in certain embodiments, the present invention con 
templates screening methods Wherein TWist and/ or E protein 
is bound to a solid surface, test agents are contacted to the 
TWist and/ or E protein and agents that bind to the TWist and/ or 
E proteins are detected. Such detection may utiliZe, for 
example, immunological methods, radiolabeling of the test 
agents, ?uorescent or other tags (e.g., streptavidin or myc 
tagged labeled molecules), etc. Examples of using tagged 
molecules to monitor TWist and E dimer formation are given 
in the Examples section. Additionally, the yeast tWo-hybrid 
system (Fields S, Song 0. K. Anovel genetic system to detect 
protein-protein interactions. Nature 340:245-6, 1989; incor 
porated herein by reference) can be used to agents that 
decrease the ratio of TWist/TWist homodimers to TWist and E 
heterodimers. In other embodiments, the assay is performed 
in solution. In other assays, for example, the agent suspected 
of decreasing the ratio of TWist/TWist homodimers to TWist/ E 
heterodimers is added to a mixture of TWist and E protein and 
dimer formation is compared to a control mixture Without the 
test agent added. Additionally, the identi?cation and effec 
tiveness of the agents may be determined by comparing, for 
example, by the doWnstream effect of the agent (e.g., the 
effect on cell groWth and/or mobility) as compared to, for 
example, similar cells not exposed to the test agent or similar 
cells comprising another suitable control. Effective agents 
may Work, for example, by binding to TWist or E protein as 
competitive or non-competitive inhibitors. In this regard, the 
effectiveness of these agents can be measured by standard 
enZyme kinetics assays knoWn to those skilled in the art (e.g., 
the measurement of Vmax, KM and the like). Of course, all of 
these techniques may be automated using, for example, 
microarray systems and robotics. 
An example of screening small molecules for their effect 

on decreasing the ratio of TWist/TWist homodimeriZation to 
TWist/ E heterodimeriZation comprises providing a library of 
small molecules to be screened for the ability decrease the 
ratio of TWist/TWist homodimeriZation to TWist/ E het 
erodimeriZation and forming a reaction mixture comprising a 
small molecule to be screened for the ability to decrease the 
ratio of TWist/TWist homodimeriZation to TWist/ E het 
erodimeriZation, and a mixture of TWist and E proteins; incu 
bating the reaction mixture for a period of time and under 
conditions appropriate for the formation of TWist/TWist 
homodimers and TWist/ E heterodimers; determining the ratio 
of homodimer to heterodimer folloWing the incubation; com 
paring the ratio of homodimer to heterodimer determined to 
the ratio detected in an otherWise identical incubation mixture 
Which does not include a small molecule to be screened for 
the ability to promote TWist/ E heterodimeriZation and/or 
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8 
inhibit TWist/TWist homodimeriZation, a substantial change 
in the ratio determined to that of the otherWise identical 
incubation mixture being indicative of the small molecule 
being characteriZed by the ability to promote TWist/E het 
erodimeriZation and/or inhibit TWist/TWist homodimeriZa 
tion. One practiced in the art Will realiZe that similar assays 
can be used to identify a small molecule characterized by the 
ability to inhibit TWist/TWist homodimeriZation or promote 
TWist/ E heterodimeriZation. 

Small molecule (combinatorial) chemical libraries are Well 
knoWn in the art. Numerous libraries are available to those 
skilled in the art and, With the teachings provided herein, one 
skilled in the art Would be able to identify small molecule 
agents that function to decrease the ratio of TWist/TWist 
homodimers to TWist/ E heterodimers. Additionally, the syn 
thesis and screening of small molecule libraries (e.g., combi 
natorial chemical libraries) are Well knoWn in the art (See, for 
example, US. Pat. No. 6,060,596 to Lerner; US. Pat. No. 
6,185,506 to Cramer, et al.; US. Pat. No. 6,377,895 to Hor 
lbeck; US. Pat. No. 6,936,477 to Still, et al.; Shipps, et al., 
Proc. Natl. Acad. Sci. USA, 94:11833-11838, 1997; Stock 
Well, et al., Chemistry & Biology, 6:71 -83, 1999, all ofWhich 
are incorporated herein by reference). (See, also, for example, 
WWW.combichem.net; WWW.combichemistry.com; 
WWW.combinatorial.com and pubs.acs.org/joumals/jcchff/). 

In another embodiment, the agent is a molecule character 
iZed by its ability to inhibit TWist expression and, thereby 
decrease the ratio of TWist/TWist homodimers to TWist/ E het 
erodimers in the organism. Such agents may be, for example, 
small inhibitory RNAs (siRNA) or expression constructs to, 
for example, TWist. As is demonstrated in the cited patent 
references and other cited references beloW, the inhibition of 
gene translation by antisense technology is Well knoWn by 
those skilled in the art. Antisense inhibition of TWist and E 
protein can be accomplished using an antisense construct 
Which encodes an RNA (an antisense RNA) Which is comple 
mentary to a contiguous portion of either the TWist or E 
protein mRNA. Preferably the antisense RNA is betWeen 20 
nucleotides or up to the entire length of the mRNA. In a 
preferred embodiment, the antisense RNA is about 20-200 
bases. The antisense RNA can be complementary to any 
isolated region of the TWist mRNA. In one embodiment, the 
antisense RNA is complementary to the 5' region of the TWist 
mRNA. In a related embodiment, the antisense RNA includes 
a region that is complementary to the translation start site. In 
a preferred embodiment, the complementary region encom 
passes the start site of translation and also encompasses 
upstream adjacent 5' untranslated sequence and doWnstream 
adjacent coding sequence. In any event, the identi?cation of 
an effective antisense construct is measured by comparing, 
for example, the inhibition of TWist expression, the ratio of 
T/T and/or T/E dimers or measuring the doWnstream effect of 
the antisense construct (e.g., the effect on cell groWth and/or 
mobility) as compared to, for example, similar cells not com 
prising the antisense construct or comprising an empty 
expression vector. 

Antisense technology can also be accomplished using syn 
thesiZed oligonucleotides, or functional equivalents thereof, 
as an inhibitor to disrupt the TWist gene expression. The 
oligonucleotide is either complementary to the TWist gene or 
the TWist mRNA and delivery of multiple copies of the oli 
gonucleotide into a target cells inhibits TWist gene expression 
of the TWist in the cell at either the level of transcription or 
translation, respectively. Both oligonucleotides and antisense 
RNA used in the above method must be delivered into the cell 
in Which partial or total inhibition of the TWist is desired. 
Many methods of delivery of nucleic acids into cells are Well 
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know in the art. Some examples include, Without limitation, 
electroporation, microinjection, calcium phosphate transfec 
tion, cellular import signal peptide mediated delivery, recep 
tor mediated uptake, and liposome mediated delivery. The 
particular method of delivery of the nucleic acid into the cell 
depends upon the circumstances of the individual cell (e.g., 
the cell type, the environment of the cell, the amount of 
inhibitor to be delivered) and can be determined by the skilled 
practitioner. The use of siRNAs for the control of gene 
expression is Well knoWn in the art (for example, see, US. Pat. 
Nos. 5,107,605 to SheWmaker, et al.; 5,457,189 to Crooke, et 
al., 6,566,501 to Amar, 6,610,663 to Cook, et al., 6,737,512 to 
Wu, et al. and US. Pat. No. 6,303,374 to Zhang, et al., all of 
Which are incorporated herein by reference). Therefore, one 
skilled in the art Would be able to practice this aspect of the 
present invention Without undue experimentation. 

The exogenous expression of E protein Will decrease the 
ratio of TWist/TWist homodimers to TWist/E protein het 
erodimers. The production of expression constructs is Well 
knoWn in the art. An expression construct encoding E protein 
may be transfected into cells as described above for the trans 
fection of antisense siRNA. 

The decrease in the ratio of TWist/TWist homodimers to 
TWist/ E protein heterodimers can also be achieved by devel 
oping modi?ed versions of both TWist protein and E protein. 
Said modi?cations may be developed through protein engi 
neering or via the process of directed molecular evolution. In 
either instance, rather than alter the ratio of TWist/TWist 
homodimers to TWist/E heterodimers, proteins are selected 
that are able to promote or inhibit the formation or function of 
native T/T homodimers or T/ E heterodimers, depending on 
What result is desired. Nucleotides encoding said modi?ed 
proteins are transfected into target cells at a number that 
Would alloW the exogenous protein to out compete the native 
protein thus resulting in the formation of dimers comprising 
the modi?ed protein and With modi?ed function. In this Way, 
modulation of cell groWth Would be achieved via the change 
in effectiveness of the dimers formed (i.e., even though the 
ratio of T/T to T/E dimers may or may not change over 
non-transfected cells or cells transfected With an empty con 
struct, the function of the dimers present Would have been 
modi?ed) rather than or in addition to a change in the ratio of 
dimers present. Examples of directed molecular evolution 
can be found in the art. Examples include US. Pat. No. 
5,605,793 to Stemmer, et al., or US. Pat. No. 6,537,776 to 
Short, Which are included herein by reference. The proteins 
generated by directed molecular evolution Will have a lesser, 
greater or equal ability to interact With TWist or E protein than 
the native peptides. 

Small molecules may also affect TWist activity by modu 
lating the function of TWist pathWay components that are 
located doWnstream of TWist. Although the present invention 
is not limited to any particular mechanism, it is believed that 
the T/ T homodimers induce periostin gene expression While 
T/E heterodimers inhibit periostin and induce thrombospon 
din (TSP-1) expression (See, e.g., FIG. 13). Perostin is a 
secreted protein that induces cell migration and promotes 
angiogenesis and tumor metastatis groWth (Bao, S., et al., 
Cancer Cell, 5:329-339, 2004). Conversely, TSP-1 is a potent 
inhibitor of endothelial migration and angiogenesis and is 
doWnregulated in many tumors (Iruela-Arispe, M. L., et al., 
Int] Biochem Cell Biol, 36: 1070-1078, 2004) andmesenchy 
mal cells (Hayashido, et al., Int J Mol Med., 12:447-452, 
2003). Consequently, TWist positively or negatively affects 
tumor cell behavior dependent upon Which TWist dimer is 
prevalent. In this regard, agents that modulated TWist or E 
protein modulated cell groWth and mobility through doWn 
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10 
stream effectors such as perostin or TSP-1 are contemplated 
to be part of the present invention. 
TWist Involvement in Mesenchymal Cell GroWth 

In another aspect, the present invention contemplates a 
method for promoting bone formation in an organism, the 
method comprising contacting the cells With an agent char 
acteriZed by the ability to increase the ratio of TWist/TWist 
homodimers to the ratio of TWist/ E heterodimers in the organ 
ism. The increase of the ratio of TWist/TWist homodimers to 
TWist/ E heterodimers can be used in therapies for the treat 
ment of abnormalities Wherein there is a reduction in the 
groWth of cells of mesenchymal origin, for example, cranio 
facial abnormalities (e.g., cleft palate, cleft face), broken 
bones and limb abnormalities. In a preferred embodiment, the 
organism to be treated by Way of an increase in the ratio of 
TWist/TWist homodimers to TWist/E heterodimers requires 
the promotion of, for example, bone groWth. In a more pre 
ferred embodiment, the cells contacted With the agent com 
prise, for example, osteoblasts, osteocytes, oesteoclasts, 
chondrocytes myoblasts and other muscle cell types. In a 
preferred embodiment, the organism is a mammal. In a more 
preferred embodiment, the organism is a human. The agent 
used to contact the cells can be any agent that is effective in 
increasing the ratio of TWist/TWist homodimers to TWist/E 
heterodimers. Such agents can be administered to the organ 
ism by techniques knoWn in the art including, but not limited 
to, injection (e.g., injection directly into a bone of joint, 
subcutaneous, intramuscular, vascular, etc.) Wherein they 
type of inj ection is determined by the type of therapy required 
(e.g., vascular injections may be preferred for application of 
the agent to the entire body Whereas injections into a joint, for 
example, may be required for application of the agent to a 
speci?c treatment site). Such agents can also be administered 
by infusion into, for example, the blood stream or the target 
organ or other target location. In other embodiments, the 
agents are administered orally. The agent may comprise other 
reagents to aid in the administration, manufacture, storage 
and transport of the agent including, but not limited to, bind 
ers, stabilizers, colors, ?avors, buffers, excipients, etc. The 
organism that is the recipient of the agent can then be moni 
tored for the increase in the ratio of TWist/TWist to TWist/E 
dimers. Samples for monitoring may be acquired by blood 
draWs, biopsies, etc. The detection of the increase in the ratio 
of TWist/TWist to TWist/E dimers can be detected by, for 
example, SDS-PAGE gel electrophoresis, Western blotting, 
or other immunohistochemical techniques (e.g., ELISA, RIA 
or FACS assays) or other suitable assays knoWn in the art. 

In one embodiment, the agent is a small molecule charac 
teriZed by the ability to increase the ratio of TWist/TWist 
homodimers to TWist/E heterodimers by inhibiting TWist/E 
heterodimeriZation or by promoting TWist/TWist homodimer 
iZation. The agent(s) to be administered to the organism can 
be selected from, for example, small molecule libraries (e. g., 
combinatorial chemical libraries). Such libraries are knoWn 
in the art and are commercially available. 

Techniques are knoWn to those skilled in the art for the 
selection of agents from such libraries. In the present embodi 
ment, the agent is being screened for its ability to increase the 
ratio of TWist/TWist homodimers to TWist/E heterodimers 
either by inhibiting TWist/ E heterodimeriZation or by promot 
ing TWist/TWist homodimeriZation. The present invention is 
not limited by the nature of the screening method. For 
example, in certain embodiments, the present invention con 
templates screening methods Wherein TWist and/ or E protein 
is bound to a solid surface, test agents are contacted to the 
TWist and/ or E protein and agents that bind to the TWist and/or 
E proteins are detected. Such detection may utiliZe, for 


























